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Wind-tunnel tes ts  o f  a e r o e l a s t i c a l l y  designed h e l i c o p t e r  r o t o r  models were 
conducted t o  o b t a i n  r o t o r  aerodynamic performance and dynamic response data pe r -  
t a i n i n g  t o  two-bladed t e e t e r i n g  r o t o r s  wi th  a wider chord (1.47 m (58 i n . ) )  and 
lower hover t i p  speed (195 m / s  (640 f t / s ec ) )  than c u r r e n t l y  employed on produc- 
t i o n  h e l i c o p t e r s .  
a l s o  s t u d i e d .  F i n a l l y ,  t h e  effects of  changing t i p  mass on ope ra t ing  cha rac t e r -  
i s t i c s  o f  t h e  r o t o r  wi th  t h e  outboard f lapping  hinge were examined. The models 
were tested a t  s e v e r a l  s h a f t  a n g l e s  o f  a t t a c k  f o r  f i v e  advance r a t i o s ,  0.15, 
0 .25,  0.35, 0.40, and 0.45. For each combination of s h a f t  ang le  and advance 
r a t i o ,  t h e  r o t o r  l i f t  was va r i ed  oyer a wide range t o  inc lude  s imulated maneu- 
ve r  cond i t ions .  
The effects of  a f l app ing  hinge a t  62 pe rcen t  r a d i u s  were 
A t  each tes t  cond i t ion ,  r o t o r  aerodynamic performance and dynamic response 
data were obta ined .  From these tes ts ,  it was found t h a t  wide-chord r o t o r s  may 
be s u b j e c t  t o  l a r g e  c o n t r o l  f o r c e s .  An outboard f l app ing  hinge may be used t o  
reduce beamwise bending moments over  a s i g n i f i c a n t  p a r t  of  t h e  blade r a d i u s  
wi thout  s i g n i f i c a n t l y  a f f e c t i n g  t h e  chordwise bending moments. Inc reas ing  t h e  
t i p  mass was found t o  be an effect ive t o o l  i n  r e s t r a i n i n g  t h e  f l app ing  motions 
of  t h e  blade outboard o f  t h e  h inge .  The c r i t e r i a  f o r  s e l e c t i n g  outboard hinge 
l o c a t i o n  and t i p  mass must a l s o  inc lude  cons ide ra t ion  of  t h e  effects  of  t h e s e  
parameters  on r o t o r  blade n a t u r a l  f requency.  
INTRODUCTION 
Two-bladed t e e t e r i n g  r o t o r s  are w i d e l y  employed i n  both m i l i t a r y  and c i v i l  
a p p l i c a t i o n s  which r e q u i r e  l i g h t  t o  moderate g r o s s  weight helicopters. The 
development and c h a r a c t e r i s t i c s  o f  two-bladed r o t o r s  are reviewed i n  r e f e r -  
ences  1 t o  3. A s  shown i n  r e f e r e n c e  3 ,  t h e  diameter, chord,  and ope ra t ing  t i p  
speed of  t h e  two-bladed r o t o r  have increased  wi th  g r e a t e r  g r o s s  weight and more 
s t r i n g e n t  maneuver requirements .  Because o f  cons ide ra t ions  o f  handl ing and 
performance, continued i n c r e a s e s  i n  diameter or t i p  speed should be l i m i t e d .  
However, s i g n i f i c a n t  growth i n  t h e  chord dimension may st i l l  be poss ib l e .  Ref- 
e rence  3 p resen t s  t h e  r e s u l t s  o f  conceptual  s t u d i e s  p e r t a i n i n g  t o  dynamic 
response of models of wide-chord rotors. Because t h e  larger chord would r e s u l t  
i n  h igher  r o t o r  l oads  wi th  p o t e n t i a l  f a t i g u e  problems, an  outboard f l app ing  
hinge was incorpora ted  on most of  t h e  models t e s t e d .  Although t h e  r e s u l t s  
r epor t ed  i n  re ference  3 are u s e f u l ,  some o f  t h e  experimental  measurements and 
cond i t ions  were l i m i t e d  . 
An experimental  s tudy h a s  been conducted t o  o b t a i n  r o t o r  aerodynamic per- 
formance and dynamic response.  Tests were made on a e r o e l a s t i c  models o f  a typ- 
i ca l  f u l l - s c a l e  r o t o r  wi th  a wider chord (1.47 m (58 i n . ) )  and a lower opera t -  
i n g  t i p  speed (195 m / s  (640 f t / sec) )  than  c u r r e n t l y  employed on product ion 
h e l i c o p t e r s .  Because the  outboard f l a p p i n g  hinge had been shown t o  be effec- 
t i v e  i n  reducing beamwise bending moments, two model r o t o r s  were used: 
w i t h  outboard h inges  and one without  t h e  h inges .  The t i p  masses on t h e  r o t o r  
w i t h  t he  h inges  were changed t o  determine t h e  effect  o f  t i p  mass on measured 
r o t o r  response.  The model r o t o r s  were designed and b u i l t  by B e l l  Hel icopter .  
Textron,  and B e l l  personnel  a l s o  p a r t i c i p a t e d  i n  t h e  tests.  
one 
Wind-tunnel tests o f  the model r o t o r s  were performed a t  t h e  Langley t r an -  
s o n i c  dynamics t u n n e l  u s ing  t h e  gene ra l i zed  r o t o r  a e r o e l a s t i c  model (GRAM) 
descr ibed  i n  r e f e r e n c e  4. The models were t e s t e d  a t  s e v e r a l  s h a f t  a n g l e s  of  
attack f o r  f i v e  advance r a t i o s ,  0.15, 0.25, 0.35, 0.40, and 0.45. For each 
combination o f  s h a f t  ang le  and advance r a t i o ,  r o t o r  l i f t  was var i ed  over  a wide 
range t o  inc lude  s imulated maneuver cond i t ions .  Aerodynamic performance and 
r o t o r  response were obtained from the  tests,  and r e p r e s e n t a t i v e  data are pre- 
sen ted  i n  t h i s  r e p o r t .  
SYMBOLS 
Phys ica l  q u a n t i t i e s  def ined  i n  t h i s  r e p o r t  are given i n  t h e  I n t e r n a t i o n a l  
System of  Un i t s  (SI)  and,  where u s e f u l ,  i n  U.S. Customary Uni t s .  Conversion 
f a c t o r s  are presented  i n  r e fe rence  5 .  
a1 l o n g i t u d i n a l  f l app ing  a t  hub about  shaft  a x i s  ( p o s i t i v e  f o r  a f t  
f l a p p i n g ) ,  deg 
b number o f  b l ades  
CD r o t o r  drag c o e f f i c i e n t ,  D / I T R ~ ~ ( S ~ R ) ~  
CL r o t o r  l i f t  c o e f f i c i e n t ,  L / I T R ~ ~ ( s ~ R ) ~  
CQ r o t o r  to rque  c o e f f i c i e n t ,  Q / I T R ~ ~ ( S ~ R ) ~  
C b lade  chord, m 
D r o t o r  drag  f o r c e ,  N 
L r o t o r  l i f t  f o r c e ,  N 
M t  r o t o r  t i p  Mach number i n  hover 
Q r o t o r  to rque ,  N-m 
R b lade  r a d i u s ,  m 
r radial  b l a d e  s t a t i o n  measured from c e n t e r  of  r o t a t i o n ,  m 
V forward v e l o c i t y ,  m / s  











r o t o r  s h a f t  ang le  o f  a t t a c k  ( p o s i t i v e  wi th  fuse l age  nose up ) ,  deg 
blade c o l l e c t i v e  p i t c h  ang le  a t  0.75R, deg 
advance r a t i o ,  V / n R  
dens i ty  o f  a i r ,  kg/m3 
r o t o r  s o l i d i t y ,  bc/mR 
r o t a t i o n a l  speed,  r a d / s  
r o t a t i n g  n a t u r a l  frequency of r o t o r  b lade ,  r a d / s  
EXPERIMENTAL APPARATUS AND PROCEDURES 
Test F a c i l i t y  
The experimental  program w a s  conducted i n  t h e  Langley t r a n s o n i c  dynamics 
tunne l  ( T D T ) .  The TDT is  a continuous-flow tunne l  wi th  a s l o t t e d  t e s t  s e c t i o n  
which is capable  o f  ope ra t ion  over  a Mach number range from 0 t o  1.20 a t  pres-  
s u r e s  ranging from near  1376 N/m2 (0 .2  p s i a )  t o  a tmospheric  p re s su re .  
a i r  or  Freon-I2 may be used as a tes t  medium. The tunnel  test s e c t i o n  is  4.9 m 
(16 f t )  square wi th  cropped co rne r s  and has  a c ross - sec t iona l  area o f  23 m2 
(248 f t 2 ) .  The p resen t  i n v e s t i g a t i o n  was conducted i n  Freon-I2 a t  a dens i ty  of 
4.12 kg/m3 (0.008 s l u g / f t 3 ) .  
E i the r  
During t e s t i n g ,  use  was made o f  t h e  TDT computerized data a c q u i s i t i o n  sys- 
t e m .  The data system i n c l u d e s  a d i g i t a l  computer, t r ansduce r  s i g n a l  condi t ion-  
ers ,  a m p l i f i e r s ,  and c a l i b r a t i o n  s i g n a l  sources  s u f f i c i e n t  t o  handle  60 chan- 
n e l s  of  data.  From t h e  a m p l i f i e r s ,  d a t a  are routed t o  a d i r ec t - r eco rd  FM t a p e  
recorder  and through a mul t ip l exe r  system onto a frequency mult iplexed PM t ape .  
The d i rec t - record  t a p e  can accep t  up t o  12 channels  of  data. The mul t ip lex  
system can record  60 channels  o f  data by mul t ip lex ing  5 channels  on to  a s i n g l e  
t r a c k .  Data from the  s i g n a l  a m p l i f i e r s  are a l s o  routed  t o  a 60-channel analog- 
t o - d i g i t a l  sys t em and then t o  t h e  system computer f o r  process ing .  The computer 
is  c o n t r o l l e d  by a g raph ics  d i s p l a y  u n i t  and a s soc ia t ed  keyboard. 
General ized Rotor Aeroe la s t i c  Model 
The gene ra l i zed  rotor  a e r o e l a s t i c  model (GRAM) is shown i n  f i g u r e s  1 and 2 
and descr ibed  i n  r e f e r e n c e  4 .  This  model s e r v e s  as a powered test s tand  f o r  
r e sea rch  related t o  h e l i c o p t e r  dynamics. The GRAM r o t o r  s h a f t  is dr iven  by two 
v a r i a b l e  frequency synchronous motors,  each r a t e d  a t  35 kW a t  a r o t a t i o n a l  
speed o f  1256 rad/s. The motors are connected t o  t h e  r o t o r  s h a f t  through a 
two-stage speed reduct ion  of  17.47: l .  Rotor speed is  c o n t r o l l e d  by varying t h e  
e lec t r ic  l i n e  frequency t o  t h e  synchronous motors.  The p i t c h  a t t i t u d e  of  t h e  
model can be remotely changed by e lec t romechanica l  a c t u a t o r s  over  a range from 
20° nose down t o  8 O  nose up. The model f e a t u r e s  a complete main r o t o r  c o n t r o l  
system. The swashplate ,  shown i n  f i g u r e  2 ,  is  mounted on t h e  r o t o r  s h a f t  below 
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the r o t o r  shaf t  adap te r  and is raised or lowered by three assemblies combining 
a hydrau l i c  a c t u a t o r  and an  electric se rvo  to  achieve  c o l l e c t i v e  p i t c h ,  lat-  
eral, and l o n g i t u d i n a l  c y c l i c  swashplate  motions.  
The GRAM is instrumented t o  provide cont inuous d i s p l a y s  o f  a l l  model con- 
t r o l  s e t t i n g s  and s e l e c t e d  r o t o r  l oads .  Rotor shaf t  speed is determined by a 
magnetic sensor .  Rota t ing  blade d a t a  are t r a n s f e r r e d  t o  t h e  f i x e d  system 
through a 60-r ing,  ho r i zon ta l -d i sk ,  s l i p - r i n g  assembly. The combined r o t o r  and 
fuse l age  f o r c e s  and moments are measured by u s i n g  a six-component s t ra in-gage  
balance mounted below the  basep la t e  and covered by a shroud. The balance is  
pos t  mounted and does no t  r o t a t e  wi th  the  fuse l age .  
Model Rotor Systems 
The wide-chord model r o t o r s  are shown i n  f i g u r e s  3 and 4 mounted on the  
GRAM. The r o t o r  without  the  outboard h inges  ( f i g .  3 )  is referred t o  as t h e  
b a s e l i n e  r o t o r ,  and the  o t h e r  ( f i g .  4 )  as the  hinged r o t o r .  Both models were 
a e r o e l a s t i c a l l y  designed but  d i d  no t  r e p r e s e n t  any f u l l - s c a l e  product ion r o t o r .  
The hub and yokes used on both r o t o r s  were 1/4-scale models of  those  o f  t h e  
AH-1G r o t o r  and are descr ibed  i n  r e f e r e n c e  6. The hub had a b u i l t - i n  precone 
angle  o f  2.75O inboard of t h e  f e a t h e r i n g  mechanism. Both r o t o r s  had a 3.26-m 
(10 .7 - f t )  diameter and s o l i d i t y  o f  0.0992. The b l ades  had r e c t a n g u l a r  plan- 
forms w i t h  a chord o f  25.4 cm ( I O  i n . ) ,  NACA 0012 a i r f o i l s ,  and l i n e a r  t w i s t  
d i s t r i b u t i o n s  o f  -10.3O extending from 15 pe rcen t  r a d i u s  t o  t h e  t i p .  
r o t o r s  were scaled f o r  ope ra t ion  a t  f u l l - s c a l e  Mach numbers ( M t  = 0.58) i n  a 
Freon-I2 test  medium w i t h  a r o t a t i o n a l  speed o f  54.04 rad/s (516 rpm). Aero- 
elastic s imula t ion  was achieved by matching model and f u l l - s c a l e  advance r a t i o s  
and r a t i o s  of b lade  n a t u r a l  frequency t o  r o t o r  r o t a t i o n a l  speed. Scale f a c t o r s  
r e l a t i n g  f u l l - s c a l e  va lues  t o  model va lues  are l i s ted  i n  table I. 
The 
The blade cons i s t ed  of a s t a i n l e s s  s tee l  s p a r  embedded i n  an aluminum hon- 
eycomb core .  The spa r  widened a t  the  inboard end t o  form the  blade g r i p  and 
extended t o  the t i p  where t h e  t i p  masses were attached. F ibe r  glass c l o t h  was 
bonded t o  t h e  honeycomb co re  t o  form a c losed  b l a d e  sk in .  The hinged r o t o r  had 
a f l app ing  hinge a t  62 percent  r a d i u s ,  which is shown i n  f i g u r e  5 .  Ball bear- 
i n g s  and a s teel  p in  t h a t  allowed t h e  blade t o  f l a p  were bo l t ed  t o  the  main 
s p a r  s e c t i o n s .  S tops  r e s t r i c t e d  f l app ing  t o  between I O o  up and 6O down. The 
glass s k i n  on t h e  outboard po r t ion  of  the  b lade  was extended inboard over t h e  
h inge ,  and t h e  remaining break i n  t h e  'skin was sealed w i t h  adhes ive  t a p e  t o  
provide a cont inuous aerodynamic su r face .  
(0.23 l b )  and 0.626 kg (1.38 l b )  pe r  b l ade ,  were t e s t e d  on the  hinged r o t o r .  
The b a s e l i n e  r o t o r  and t h e  hinged r o t o r  w i th  the  l i gh te r  t i p  masses had Lock 
numbers of  9 .3 .  The Lock number for t he  hinged r o t o r  w i t h  heavy t i p  masses 
was 7.2. 
Two sets  of  t i p  masses 0.104 kg 
The spanwise d i s t r i b u t i o n s  of  s t r u c t u r a l  p r o p e r t i e s  f o r  the  b a s e l i n e  and 
hinged r o t o r s  were suppl ied  by B e l l  Hel icopter  Textron and are t abu la t ed  'in 
table 11. These d a t a  were used wi th  a coupled (beamwise, chordwise,  and t o r -  
s i o n a l )  lumped-mass a n a l y s i s  descr ibed  i n  r e f e r e n c e  7 t o  estimate r o t a t i n g  
n a t u r a l  f r equenc ie s  and bending mode shapes o f  the  r o t o r .  For t he  a n a l y s i s ,  
t h e  outboard f l app ing  hinge was approximated by a ze ro  va lue  o f  the  beamwise 
4 
s t r u c t u r a l  s t i f f n e s s  a t  t h a t  s t a t i o n .  The beamwise and chordwise mode shapes 
and t h e  corresponding moment d i s t r i b u t i o n s  f o r  both r o t o r  systems are p l o t t e d  
i n  f i g u r e s  6 to  9. 
largest d e f l e c t i o n )  are shown. 
chordwise modes are t h e  clamped symmetric r o t o r  modes i n  t he  out-of-plane and 
in-plane d i r e c t i o n s ,  r e spec t ive ly .  The c y c l i c  beamwise modes are the  pinned, 
ant isymmetr ic  out-of-plane modes. The coupled r o t a t i n g  n a t u r a l  f r equenc ie s  are 
presented i n  t a b l e s  I11 and I V  f o r  t h e  b a s e l i n e  and hinged r o t o r s ,  r e s p e c t i v e l y  
Only the  p r i n c i p a l  components ( t h e  d i r e c t i o n  having the  
The c o l l e c t i v e  beamwise modes and t h e  c y c l i c  
The r o t o r s  were instrumented w i t h  four-arm s t r a i n  gage br idges .  Shaft 
to rque ,  p i t ch - l ink  a x i a l  l oad ,  and hub beamwise ( x  = 0.05) and chordwise 
( x  = 0.03) bending moments were measured. Beamwise and chordwise bending 
moments a t  24, 36, 53, and 63 pe rcen t  r a d i u s  and t o r s i o n  a t  24 and 53 percent  
r a d i u s  were measured on the  b a s e l i n e  r o t o r .  Beamwise and chordwise bending 
moments a t  24, 36, 54, 69, and 81 percent  r a d i u s  and t o r s i o n  a t  24,  54, and 
69 percent  r a d i u s  were measured on the  hinged r o t o r .  Rotor f l app ing  r e l a t i v e  
t o  t he  shaf t  was measured by an angular  po ten t iometer  mounted t o  t h e  shaft  and 
geared t o  the  hub. R e l a t i v e  f l app ing  of t h e  o u t e r  p o r t i o n  o f  t h e  b l a d e  rela- 
t i v e  t o  the  i n n e r  po r t ion  was sensed w i t h  a gaged leaf s p r i n g  extending a c r o s s  
t h e  hinge.  
Experimental Procedure and Data Reduction 
Rotor aerodynamic performance and dynamic response were measured on both 
r o t o r  systems over wide ranges of  shaf t  ang le  o f  a t tack ,  c o l l e c t i v e  p i t c h  
a n g l e ,  and advance r a t i o .  Each test  was i n i t i a t e d  by s e t t i n g  the  c o l l e c t i v e  
p i t c h  t o  a low va lue ,  b r inging  the  r o t o r  speed up t o  54.04 rad/s (516 rpm) ,  
and p i t c h i n g  the  model t o  t h e  first shaft  a n g l e  o f  a t tack.  The free-stream 
speed was e s t a b l i s h e d  t o  y i e l d  t h e  first advance r a t i o .  C o l l e c t i v e  p i t c h  w a s  
i nc reased ,  g e n e r a l l y  by 2 O  increments ,  u n t i l  excess ive  b lade  loads  were encoun- 
tered. A t  each tes t  p o i n t ,  r o t o r  first harmonic f l app ing  r e l a t i v e  t o  t h e  shaft  
was e l imina ted ,  or t h e  r o t o r  w a s  maintained a t  a trimmed-to-shaft cond i t ion .  
Then, t h e  c o l l e c t i v e  p i t c h  was r e tu rned  t o  t h e  o r i g i n a l  s e t t i n g ,  t h e  shaf t  
ang le  w a s  increased  by 2O,  and the  procedure was repeated. After data were 
recorded a t  each shaf t  a n g l e ,  the  tunnel  speed was increased  t o  produce the  
nex t  des i r ed  advance r a t i o ,  and t h e  process  was repeated f o r  each remaining 
advance r a t i o .  
The maximum and minimum va lues  o f  l i f t  c o e f f i c i e n t  achieved dur ing  tests 
o f  the  b a s e l i n e  r o t o r  are i d e n t i f i e d  i n  f i g u r e  10 f o r  each combination of  shaf t  
ang le  and advance r a t i o .  The a s s o c i a t e d  f u l l - s c a l e  load f a c t o r s  are a l s o  shown 
based on a h e l i c o p t e r  w i t h  mass o f  8255 kg (18 200 l b ) .  The maximum test 
advance r a t i o ,  0.45, s imula t e s  a f u l l - s c a l e  v e l o c i t y  of 87.5 m / s  (170 kno t s ) .  
To s tudy the  effects o f  r o t o r  f l app ing  on blade response ,  a l i m i t e d  number of  
tests were made by vary ing  r o t o r  l o n g i t u d i n a l  f l app ing  by 0.5O increments  about  
the  i n i t i a l  trimmed-to-shaft s e t t i n g  while  main ta in ing  r e l a t i v e l y  cons t an t  
l i f t  . 
Rotor performance and dynamic response were recorded a t  each combination 
o f  c o l l e c t i v e  p i t c h ,  r o t o r  f l a p p i n g ,  shaft ang le ,  and tunne l  speed. The tunne l  
ope ra t ing  cond i t ions ,  ba lance  data, and model c o n t r o l  s e t t i n g s  were recorded on 
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punched c a r d s .  The r o t o r  response data and the  l / r e v  r o t o r  pu l se  s i g n a l  were 
recorded on tape .  
Rotor aerodynamic performance measurements were processed by a s p e c i a l  
purpose d i g i t a l  computer program us ing  the  TDT data a c q u i s i t i o n  system i n  a n :  
o f f - l i n e  mode. Cor rec t ions  were made f o r  weight tares, f u s e l a g e  aerodynamic 
effects ,  and ba lance  i n t e r a c t i o n s ,  bu t  t h e  aerodynamic c o n t r i b u t i o n s  of  t h e  hub 
are included i n  the data. The measurements were t r a n s f e r r e d  from the  ba lance  
c e n t r o i d  t o  the  hub, and the  l i f t  and drag  c o e f f i c i e n t s ,  normalized by r o t o r  
s o l i d i t y ,  were then computed i n  t h e  wind-axis system. The normalized t h r u s t  
and shaf t  to rque  c o e f f i c i e n t s  and power were determined by r o t a t i n g  t h e  t r a n s -  
ferred measurements i n t o  t he  sha f t - ax i s  system. 
Rotor response was determined by us ing  another  s p e c i a l  purpose d i g i t a l  
computer program. The data recorded on magnetic t a p e  were i n p u t  t o  t h e  TDT 
data a c q u i s i t i o n  system computer. From each channel ,  2 seconds were d i g i t i z e d  
a t  a rate o f  1000 samples per  second. The r e s u l t i n g  d i g i t i z e d  d a t a  were pro- 
cessed t o  y i e l d  mean and o s c i l l a t o r y  response.  The o s c i l l a t o r y  response is  
equa l  t o  one-half o f  t h e  peak-to-peak dynamic response.  A d i s c r e t e  Four i e r  
a n a l y s i s  was carried out  t o  produce response harmonics,  which are t h e  t o t a l  
ampl i tudes  o f  t h e  components o f  response a t  i n t e g r a l  m u l t i p l e s  of  t h e  r o t o r  
r o t a t i o n a l  speed. Shunt c a l i b r a t i o n  s i g n a l s  recorded on tape  enabled a l l  data 
t o  be converted t o  engineer ing  u n i t s .  
RESULTS AND DISCUSSION 
The b a s e l i n e  r o t o r  was t e s t e d  over  t h e  ope ra t ing  envelope i n  f i g u r e  IO. 
O r i g i n a l l y ,  t he  hinged r o t o r  was t o  be tested over  t h e  same range of  ope ra t ing  
c o n d i t i o n s  as t h e  b a s e l i n e  r o t o r .  However, because a near  resonance occurred 
between a c y c l i c  beamwise bending mode and t h e  f i f t h  harmonic of  the  r o t o r  
speed,  excess ive  l o a d s  r e s u l t e d  and l i m i t e d  the  r o t o r  l i f t  t h a t  could be 
achieved a t  the h igher  advance r a t i o s .  The use o f  e x i s t i n g  hardware designed 
f o r  t he  d i f f e r e n t  ope ra t ing  cond i t ions  o f  p rev ious  tes ts  was t h e  cause of  t h e  
resonance problem. However, s u f f i c i e n t  data were c o l l e c t e d  w i t h  t h e  hinged 
r o t o r  t o  meet t e s t  o b j e c t i v e s .  The near  resonance cond i t ion  does  no t  re f lec t  
upon the  merits of t h e  concepts  under s tudy ,  because s t r u c t u r a l  des ign  changes 
can u s u a l l y  e l imina te  t he  resonance problem. Addi t iona l  d i scuss ion  of  the  
resonance problem is  g iven  subsequent ly .  
The fo l lowing  d i scuss ion  is organized i n t o  three s e c t i o n s ,  each d e a l i n g  
w i t h  r o t o r  performance and dynamic response.  I n  t h e  first s e c t i o n ,  t h e  charac- 
t e r i s t i c s  of t h e  b a s e l i n e  r o t o r  are presented .  I n  t h e  second s e c t i o n ,  measure- 
ments on the  b a s e l i n e  r o t o r  and hinged r o t o r  are compared. I n  t h e  t h i r d  sec- 
t i o n ,  the  effect  of  t i p  mass on t h e  response of  the  hinged r o t o r  is  d iscussed .  
Base l ine  Rotor Characteristics 
F igu res  1 1  and 12 i l l u s t r a t e  t h e  measured aerodynamic performance charac-  
terist ics o f  t h e  b a s e l i n e  r o t o r  from hover t o  an advance r a t i o  o f  0.45. The 
da ta  are p l o t t e d  i n  terms of  torque  and l i f t  c o e f f i c i e n t s  normalized by r o t o r  
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s o l i d i t y  ( f i g .  11)  or as normalized l i f t  and drag  c o e f f i c i e n t s  ( f i g .  1 2 ) .  The 
performance data are p l o t t e d  f o r  three shaft  a n g l e s  o f  at tack a t  each advance 
r a t i o .  The va lues  of  sha f t  ang le  were selected t o  encompass t he  ope ra t ing  
a t t i t u d e s  o f  a t y p i c a l  f u l l - s c a l e  h e l i c o p t e r .  The performance data e x h i b i t  
smooth, uniform t r e n d s  w i t h  v a r i a t i o n s  i n  shaf t  ang le  and advance r a t i o .  
d a t a  i n  f i g u r e  12 can be i n t e r p o l a t e d  t o  approximate shaf t  a t t i t u d e s  f o r  v a r i -  
ous  g r o s s  weights,  maneuver cond i t ions ,  and fuse l age  drag areas. From t h e  lift 
and i n t e r p o l a t e d  shaft  ang le ,  the  data i n  f i g u i e  11 can then  be employed t o  
determine power requirements .  
The 
Spanwise d i s t r i b u t i o n s  of blade o s c i l l a t o r y  bending moments and the  first 
f i v e  harmonic components o f  these bending moments are p l o t t e d  i n - f i g u r e s  13 
and 14. I n  these f i g u r e s  t h e  des igna t ion  P denotes  harmonic o r d e r s  of  t he  
r o t o r  r o t a t i o n a l  speed. The data i n  f i g u r e  13 p e r t a i n  t o  a low l i f t  cond i t ion ,  
s imula t ing  a f u l l - s c a l e  load  f a c t o r  o f  0.79. 
sured a t  high l i f t ,  s imula t ing  a f u l l - s c a l e  load f a c t o r  o f  1.34. For both fig- 
u r e s ,  t he  advance r a t i o  i s  0.35 and t h e  shaf t  ang le  is -60. 
F igu re  14 p r e s e n t s  response mea- 
A t  t h e  lower l i f t ,  t h e  o s c i l l a t o r y  beamwise moment ( f i g .  1 3 ( a ) )  exhibi ts  
a peak near  50 percent  r a d i u s  p r imar i ly  r e s u l t i n g  from the  higher  harmonic 
moment d i s t r i b u t i o n s  and t h e  fact  t h a t  t h e  first harmonic is r e l a t i v e l y  f l a t  
through t h i s  area of t h e  b lade .  However, t h i s  peak does no t  occur  on the  d i s -  
t r i b u t i o n  f o r  t h e  higher  l i f t  ( f i g .  1 4 ( a ) )  because of  t h e  change i n  character 
o f  t h e  first harmonic moment d i s t r i b u t i o n  and i ts  increased  dominance. A t  t h e  
inboard measurement s t a t i o n ,  t h e  first harmonic r e p r e s e n t s  85 percent  o f  t h e  
o s c i l l a t o r y  response i n  f i g u r e  1 4 ( a ) .  I n  both f i g u r e s ,  an i n c r e a s e  i n  o s c i l l a -  
t o r y  and first harmonic moments inboard o f  35 percent  r a d i u s  occurs  because of  
increased  s t i f f n e s s  a s s o c i a t e d  w i t h  t h e  widening of  t h e  spar s t r u c t u r e  a t  the  
inboard end of  the  b l a d e .  The t h i r d  harmonic moment is inf luenced  by the  first 
c y c l i c  beamwise mode. This  mode is i n  near  resonance w i t h  t h e  3/rev a i r  loads  
a t  low l i f t  cond i t ions ,  w i t h  increased  frequency sepa ra t ion  as t h e  c o l l e c t i v e  
p i t c h  angle  is inc reased  ( t ab le  111). The r e s u l t  is a large decrease i n  t h e  
t h i r d  harmonic amplitude between f i g u r e s  1 3 ( a )  and 1 4 ( a ) .  Although t h e  mea- 
sured  beamwise response w a s  greatest  a t  24 percent  r a d i u s ,  t h e  o s c i l l a t o r y  and 
odd harmonic moments decrease f o r  s t a t i o n s  f u r t h e r  inboard w i t h  a l l  odd harmon- 
i c s  becoming ze ro  a t  t h e  c e n t e r  l i n e .  (See f ig .  8 ( b ) . )  
The d i s t r i b u t i o n s  o f  chordwise bending moments are presented  i n  f ig-  
u r e s  13(b)  and 1 4 ( b ) .  The character of  t h e  o s c i l l a t o r y  d i s t r i b u t i o n  a long  t h e  
inboard po r t ion  o f  t h e  blade v a r i e s  w i t h  l i f t ,  or c o l l e c t i v e  p i t c h .  A t  t he  
lower l i f t ,  a peak occurs  i n  t h e  o s c i l l a t o r y  d i s t r i b u t i o n  n e a r  36 percent  
r a d i u s ,  where the  second and _third harmonics are large r e l a t i v e  t o  t h e  first 
harmonic. The t h i r d  harmonic decreases i n  magnitude w i t h  i n c r e a s e s  i n  l i f t  
( c o l l e c t i v e  p i t c h  ang le )  , because the  first '  c y c l i c  chordwise mode frequency 
becomes more separated from t h a t  of  t h e  3/rev a i r  l o a d s  ( table  111). 
ampli tudes o f  t h e  second and f o u r t h  harmonics do n o t  vary  s i g n i f i c a n t l y  w i t h  
c o l l e c t i v e  p i t c h  because t h e  first c o l l e c t i v e  chordwise mode is above 7/rev.  
However, t he  first harmonic i n c r e a s e s  s i g n i f i c a n t l y  w i t h  l i f t  u n t i l  i t  is  t h e  
dominant component of  t h e  o s c i l l a t o r y  moment i n  gene ra l .  A t  t h e  higher l i f t ,  
the  first harmonic and,  t h e r e f o r e ,  t he  o s c i l l a t o r y  d i s t r i b u t i o n s  are similar t o  
the  first c y c l i c  chordwise mode ( f ig .  8 ( c ) ) .  
The 
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The t o r s i o n a l  response is shown i n  f i g u r e s  1 3 ( c )  and 1 4 ( c ) .  Shown f o r  
comparison is an equ iva len t  r o o t  ( x  = 0 )  moment, der ived  from the p i t ch - l ink  
f o r c e  and the  o f f s e t  between the  f e a t h e r i n g  a x i s  and the  p i t c h  horn (0.061 m ) .  
Both the  t o r s i o n a l  moment and p i t ch - l ink  f o r c e  are responses  mostly t o  the  
l / r e v  a i r  loads .  The dominance of  t h e  first harmonic i n c r e a s e s  w i t h  l i f t ,  and 
the  higher harmonic moments on the  blade are a l l  approximately equal  a t  t he  
h igher  l ift cond i t ion .  The first harmonic o f  t he  equ iva len t  r o o t  moment is  
s i g n i f i c a n t l y  higher than  the  b l a d e  t o r s i o n a l  ampl i tudes ,  because o f  cont r ibu-  
t i o n s  from the  i n e r t i a l  f o r c e s  genera ted  by d r i v i n g  the  hub f e a t h e r i n g  mecha- 
nism a t  l / r e v .  The second harmonic o f  t h e  r o o t  moment is  a l s o  higher than the  
corresponding va lues  on the  blade because of  s t r u c t u r a l  coupl ing  i n  t h e  hub 
hardware which causes  t h e  p i t ch - l ink  response t o  be in f luenced  by the  b l a d e  
beamwise moment and shear. T h i s  coupl ing  e f fec t  may a l s o  c o n t r i b u t e  t o  the  
large first harmonic component of t h e  p i t ch - l ink  f o r c e .  
Var i a t ions  o f  the  dynamic response o f  the  b a s e l i n e  r o t o r  w i t h  l i f t  and 
advance r a t i o  are presented  i n  f i g u r e s  15 and 16,  r e s p e c t i v e l y .  Both o s c i l -  
l a t o r y  and t h e  more s i g n i f i c a n t  harmonic ampl i tudes  are shown f o r  beamwise, 
chordwise,  and t o r s i o n a l  moments ( x  = 0.24) and f o r  t he  p i t ch - l ink  f o r c e .  The 
dominance of  t h e  first harmonic o f  t he  beamwise moment i n c r e a s e s  w i t h  both l i f t  
and advance r a t i o  ( f i g s .  15 (a )  and 1 6 ( a ) ) ,  p a r t i c u l a r l y  f o r  t h e  l a t t e r  param- 
e ter .  The h igher  harmonics do no t  show as  s i g n i f i c a n t  a v a r i a t i o n  w i t h  e i ther  
l i f t  or  advance r a t i o .  The t h i r d  harmonic of  t h e  beamwise response peaks a t  
moderate l i f t  cond i t ions  as a r e s u l t  o f  t h e  nea r  resonance of  t h e  first c y c l i c  
beamwise mode and t h e  3 / rev  a i r  loads .  
Chordwise bending t r e n d s  ( f ig s .  15(b)  and 1 6 ( b ) )  are very similar t o  those  
f o r  beamwise bending. The first harmonic becomes more dominant a t  the  h igher  
va lues  of  l i f t  and advance r a t i o ,  and t h e  t h i r d  harmonic has a peak w i t h  v a r i a -  
t i o n s  i n  l i f t  because of  t h e  character is t ics  of  t h e  first c y c l i c  chordwise 
mode. I n  a d d i t i o n ,  a s i g n i f i c a n t  amount o f  t h e  f i f t h  harmonic of  t h e  chordwise 
moment occurs  a t  t h e  higher  l i f t  and advance r a t i o s .  
The t r e n d s  of  t o r s i o n a l  moment and p i t c h - l i n k  f o r c e  i n  f i g u r e s  15(c) ,  
1 5 ( d ) ,  and 16(c)  f u r t h e r  demonstrate t h e  s i g n i f i c a n c e  of  the first harmonic 
component a t  cond i t ions  of  high l i f t  and/or  advance r a t i o .  The second and 
t h i r d  harmonic components are always less  than t h e  first and,  i n  g e n e r a l ,  do 
n o t  change as s i g n i f i c a n t l y  as  t h e  first w i t h  v a r i a t i o n s  i n  ope ra t ing  condi- 
t i o n s .  The v a r i a t i o n s  w i t h  l i f t  o f  t he  second and t h i r d  harmonics of  the  t o r -  
s i o n a l  moment and p i t ch - l ink  f o r c e  are diss imilar .  For t he  t o r s i o n a l  moment 
( f i g .  15 (c ) ) ,  t h e  second harmonic peaks i n  t he  midrange of  t h e  l i f t  c o n d i t i o n s  
shown. The t h i r d  harmonic of t h e  t o r s i o n a l  moment c o n s i s t e n t l y  i n c r e a s e s  w i t h  
l i f t ,  except  f o r  the  lowest  l i f t  condi t ion .  The p i t c h - l i n k  f o r c e  t r e n d  w i t h  
l i f t  ( f i g .  1 5 ( d ) ) ,  however, more c l o s e l y  resembles t h e  t r e n d s  of  beamwise bend- 
i n g  moment ( f i g .  1 5 ( a ) )  i n  t h a t  t h e  t h i r d  harmonic peaks a t  moderate l i f t  V a l -  
u e s  whi le  t h e  second harmonic c o n t i n u a l l y  i n c r e a s e s  w i t h  l i f t .  The t r e n d s  of  
beamwise moment and p i t ch - l ink  f o r c e  w i t h  advance r a t i o  are a l s o  similar, as 
shown i n  f i g u r e s  1 6 ( a )  and 1 6 ( c ) .  This  f u r t h e r  demonstrates  t h a t  beamwise 
shears and moments induced p i t ch - l ink  responses  through s t r u c t u r a l  coupl ing  i n  
t h e  hub area. 
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Var ia t ions  i n  beamwise and chordwise bending wi th  r o t o r  l o n g i t u d i n a l  f l a p -  
ping are presented i n  f i g u r e  17. The first and t h i r d  harmonics of  t h e  beamwise 
bending moments a t  x = 0.24 ( f i g .  17(a) )  vary  most wi th  l o n g i t u d i n a l  f l a p -  
ping. For  10 of f l app ing ,  t h e  v a r i a t i o n s  are 8 and 11 percent  f o r  first and 
t h i r d  harmonics, r e s p e c t i v e l y .  I n  t h e  chordwise d i r e c t i o n  ( f i g .  1 7 ( b ) ) ,  t h e  
t h i r d  harmonic shows t h e  greatest  v a r i a t i o n  wi th  f l a p p i n g ,  up t o  94 percent  
per  degree of  f l app ing  change. The o s c i l l a t o r y  chordwise moment changes only 
11 percent  over t h e  same range,  mostly because of t h e  effects of  t h e  t h i r d  
harmonic. 
Hinged Rotor C h a r a c t e r i s t i c s  
Cri ter ia  f o r  s e l e c t i n g  t h e  outboard hinge l o c a t i o n  were reviewed i n  ref- 
e rence  3 where it was suggested t h a t  57.5 percent  r a d i u s  was an optimum loca-  
t i o n .  The b l ades  f o r  t h e  hinged r o t o r  were designed and b u i l t  on t h e  b a s i s  o f  
t h i s  hinge l o c a t i o n .  However, t h e  tests of  r e fe rence  3 were l i m i t e d  by exces- 
s i v e  dynamic response due t o  improper blade tun ing .  For t h e  p re sen t  i nves t iga -  
t i o n  t h e  same hinged b l ades  were used but  wi th  t h e  larger AH-1G model hub t o  
accommodate t h e  l a r g e r  dynamic response and,  perhaps,  a l t e r  t h e  r o t o r  n a t u r a l  
f r equenc ie s .  This  design change r e s u l t e d  i n  a hinge l o c a t i o n  of  62 percent  
r a d i u s .  From f i g u r e  11 of r e fe rence  3 ,  movement of t h e  outboard hinge from 
57.5 t o  62 percent  r a d i u s  should r e s u l t  i n  lower beamwise response on t h e  out-  
board po r t ion  of  t h e  blade without  s i g n i f i c a n t l y  inc reas ing  t h e  maximum beam- 
wise response on t h e  inboard s e c t i o n .  
F igure  18 p resen t s  a comparison of  t h e  aerodynamic performance measured on 
t h e  b a s e l i n e  r o t o r  and on t h e  hinged r o t o r .  The hinged r o t o r  r e q u i r e s  more 
power i n  hover than t h e  b a s e l i n e  r o t o r  ( f i g .  1 8 ( a ) ) .  As mentioned p rev ious ly ,  
t h e  break i n  t h e  sk in  i n  t h e  hinge area w a s  aerodynamically sealed wi th  adhe- 
s i v e  t a p e  which may have degraded performance because of  s u r f a c e  i r r e g u l a r i -  
t i e s .  A s  shown i n  f i g u r e  1 8 ( b ) ,  t h e  hinged r o t o r  seems t o  r e q u i r e  more power 
a t  very  low l i f t  bu t  less  a t  h igher  va lues  of  l i f t  f o r  nonzero va lues  of  
advance r a t i o .  The d i f f e r e n c e  i n  s l o p e  of t h e  curves i n  f i g u r e  18(b)  i s  asso-  
c i a t e d  wi th  t h e  f l app ing  o f  t h e  outboard po r t ion  of  t h e  b l a d e  r e l a t i v e  t o  t h e  
inboard po r t ion .  The comparison of f i g u r e  18(b)  i s  made f o r  equa l  va lues  of  
c o l l e c t i v e  p i t c h ,  s h a f t  a n g l e ,  and advance r a t i o  wi th  t h e  first harmonic f l a p -  
ping a t  t h e  hub trimmed ou t .  I n  t h e  presence of  a free stream, however, t h e  
r o t o r  t i p -pa th  plane s t i l l  tilts back r e l a t i v e  t o  t h e  s h a f t  because of  blade 
d e f l e c t i o n s .  The b l ades  on t h e  hinged r o t o r  d e f l e c t  more, r e s u l t i n g  i n  smaller 
r o t o r  t ip-path-plane a n g l e s  than on t h e  b a s e l i n e  r o t o r .  The r e l a t i v e  a f t  t ilt ,  
which i n c r e a s e s  wi th  t h r u s t ,  reduces t h e  propuls ive  f o r c e  ( f i g .  19) and t h e  
to rque  on t h e  hinged r o t o r .  When t h e  s h a f t  ang le  is changed t o  c o r r e c t  f o r  
t h i s  cond i t ion ,  t h e  s l o p e s  of  t h e  performance curves  should become n e a r l y  iden- 
t i c a l .  The d i f f e r e n c e s  i n  power requirements  between t h e  b a s e l i n e  and hinged 
r o t o r s  a t  va r ious  advance r a t i o s  would be similar t o  t h e  d i f f e r e n c e  observed 
f o r  t h e  hover cond i t ion  ( f i g .  18(a) ) .  
Comparisons o f  t h e  bending moments measured on t h e  b a s e l i n e  and hinged 
r o t o r s  are shown i n  f i g u r e s  20 and 21 f o r  beamwise and chordwise bending, 
r e s p e c t i v e l y .  Only t h e  more s i g n i f i c a n t  harmonics and t h e  o s c i l l a t o r y  va lues  
are i l l u s t r a t e d .  The first and t h i r d  harmonics of  t h e  beamwise moments are 
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lower on the  hinged r o t o r  a long  most o f  t h e  b lade  r a d i u s .  Although f ig-  
u r e  20(b)  sugges t s  tha t  t he  t h i r d  harmonic on t h e  hinged r o t o r  may exceed t h a t  
on t h e  b a s e l i n e  r o t o r  for s t a t i o n s  inboard of  24 percent  r a d i u s ,  t h e  d i f f e r e n c e  
should n o t  be too  great because the  t h i r d  harmonic ampli tude should peak nea r  
15 percent  r a d i u s  and drop t o  ze ro  a t  the  c e n t e r  l i n e  ( f ig s .  8 ( b )  and g ( b ) ) .  
It is ev iden t  t h a t  t he  outboard hinge can be very  e f f e c t i v e  i n  reducing beam- 
wise moments on the  wide-chord blade and thereby  i n  improving its f a t i g u e  l i f e .  
However, t h e  f i f t h  harmonic o f  t he  beamwise moment incu r red  on t h e  hinged r o t o r  
is ampl i f ied  because of  t h e  frequency of  t h e  second c y c l i c  beamwise mode 
( table  IV). The r e s u l t  is  i l l u s t r a t e d  i n  f i g u r e  2 0 ( c ) .  Although t h e  f i f t h  
harmonic moment on the  hinged r o t o r  is less than t h a t  on the  b a s e l i n e  r o t o r  i n  
t he  v i c i n i t y  o f  t h e  h inge ,  large magnitudes occur a t  o t h e r  radial  s t a t i o n s ,  
p a r t i c u l a r l y  toward the  blade r o o t .  The t o t a l  effect  can be seen  i n  fig- 
u r e  20(d)  which p r e s e n t s  t h e  spanwise d i s t r i b u t i o n  o f  t h e  o s c i l l a t o r y  beamwise 
moments on both r o t o r s .  On the  hinged r o t o r ,  t he  o s c i l l a t o r y  moment is  less 
f o r  s t a t i o n s  between 45 and 75 percent  r a d i u s  but  is  s i g n i f i c a n t l y  higher  f o r  
inboard s t a t i o n s .  From t h e  preceding d i s c u s s i o n ,  i t  is  obvious t h a t  t h e  bene- 
f i ts  o f  us ing  t h e  outboard hinge w i l l  be r e a l i z e d  only  i f  t he  hinged r o t o r  i s  
designed t o  prec lude  near  resonance c o n d i t i o n s  wi th in  its ope ra t ing  envelope. 
The first and t h i r d  harmonic components of  t h e  chordwise moment 
( f i g s .  21 (a )  and 2 1 ( b ) )  are h igher  on the  hinged r o t o r .  The d i f f e r e n c e  i n  t he  
t h i r d  harmonic is more s i g n i f i c a n t  and i n c r e a s e s  f o r  s t a t i o n s  toward t h e  b lade  
r o o t .  The f i f t h  harmonic moment ( f i g .  2 1 ( c ) )  is l e s s  on t h e  hinged r o t o r  f o r  
s t a t i o n s  outboard o f  50 pe rcen t  r a d i u s .  Inboard of  t h i s  p o i n t ,  t h e  f i f t h  har-  
monic on the  hinged r o t o r  i n c r e a s e s  a b r u p t l y  u n t i l  i t  is  higher than t h e  mea- 
sured va lues  on t h e  b a s e l i n e  r o t o r .  Because t h e  second c y c l i c  chordwise mode 
has  a frequency r a t i o  above 7 / r ev ,  t h e  s i g n i f i c a n t  magnitudes of  t he  f i f t h  har- 
monic of  t h e  chordwise moment may be due t o  dynamic coupl ing effects  which 
cause the  large beamwise v i b r a t i o n s  a t  t h i s  frequency t o  in f luence  t h e  measured 
chordwise moments. The chordwise moment o s c i l l a t o r y  d i s t r i b u t i o n  i s  presented  
i n  f i g u r e  2 1 ( d ) .  Because of  t h e  combined effects  of  t he  t h i r d  and f i f t h  har- 
monic components, t h e  o s c i l l a t o r y  moment a t  24 percent  r a d i u s  is  50 percent  
higher on t h e  hinged r o t o r .  For comparably tuned r o t o r s ,  t h e  presence of  t h e  
hinge would probably reduce t h e  o s c i l l a t o r y  and harmonic components of  t h e  
beamwise moment over  more than ha l f  o f  t h e  b lade  r a d i u s  without  s i g n i f i c a n t l y  
a f f e c t i n g  t h e  chordwise moments. 
With regard t o  tun ing ,  t h e  radial  l o c a t i o n  of  t h e  outboard hinge is  an 
important  parameter.  T a b l e  V i l l u s t r a t e s  t h e  changes i n  blade n a t u r a l  frequen- 
cies which r e s u l t  from moving t h e  h inge  from 62 t o  47 percent  r a d i u s .  For t h e  
inboard l o c a t i o n ,  t h e  frequency of  t h e  two c y c l i c  beamwise modes has  been sig- 
n i f i c a n t l y  improved. Movement of  t h e  h inge  toward midspan should a l s o  decrease 
t h e  beamwise moment a t  t he  blade r o o t  where the  maximum value  occurs .  
F igure  22 p resen t s  t r e n d s  o f  the  dynamic responses  of  t h e  b a s e l i n e  and 
hinged r o t o r s  w i t h  advance r a t i o .  
bending a t  24 and 54 percent  r a d i u s ,  chordwise bending a t  24 percent  r a d i u s ,  
and p i t ch - l ink  f o r c e .  
the  beamwise moment are n e a r l y  equal  except  a t  the  h igher  advance r a t i o s  
( f i g .  2 2 ( a ) ) .  
, t h e  much larger f i f t h  harmonic on t h e  hinged r o t o r  due t o  t h e  frequency of  t h e  
The s e l e c t e d  responses  inc lude  beamwise 
A t  24 percent  r a d i u s ,  t h e  first and second harmonics of  
The d i f f e r e n c e  i n  t h e  o s c i l l a t e r y  magnitudes is a t t r i b u t e d  t o  
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second c y c l i c  beamwise mode. A t  54 percent  r a d i u s  ( f i g .  2 2 ( b ) ) ,  t h e  components 
of the  beamwise moment on the  hinged r o t o r  are approximately one-half t hose  on 
t h e  base l ine  r o t o r  throughout  t he  test range of advance r a t i o .  The t r e n d s  of 
t h e  o s c i l l a t o r y  and first harmonic chordwise moments w i t h  advance r a t i o  
( f i g .  2 2 ( c ) )  are t h e  same f o r  both r o t o r s ,  bu t  t h e  magnitudes on the  hinged 
r o t o r  are over  20 percent  higher  a t  an advance r a t i o  o f  0.45. The second har-  
monic o f  t h e  p i t ch - l ink  f o r c e  on t h e  hinged r o t o r  ( f ig .  2 2 ( d ) )  is  h igher  w i t h  a 
sha rp  i n c r e a s e  i n  magnitude a t  t h e  h igher  advance r a t i o s .  T h i s  t r end  is s i m i -  
lar  t o  t h a t  of  the  beamwise moment shown i n  f i g u r e  2 2 ( a ) .  A t  t h e  lower advance 
r a t i o s ,  the  first harmonic component of t h e  p i t ch - l ink  f o r c e  is  approximately 
the  same f o r  both r o t o r s ,  bu t  a t  t h e  h igher  advance r a t i o s ,  t h e  component on 
the hinged r o t o r  is s i g n i f i c a n t l y  less ,  caus ing  the  o s c i l l a t o r y  ampli tude t o  be 
less  on t h e  hinged r o t o r  a t  an advance r a t i o  o f  0.45. 
Effect o f  T i p  Mass on Rotor Response 
Tip mass and t h e  l o c a t i o n  o f  the  outboard hinge are des ign  parameters  
which can s i g n i f i c a n t l y  affect  the  r o t o r  n a t u r a l  f r equenc ie s  and,  t h e r e f o r e ,  
the  magnitudes of  t he  dynamic response.  Table I V  and f i g u r e s  20 and 21 i l l u s -  
t ra te  t h e  effects  of  changing t h e  t i p  mass. The n a t u r a l  frequency r a t i o s  of  
t h e  hinged r o t o r  vary w i t h  t i p  mass by almost 0 .2  f o r  some of t h e  modes l i s t e d  
i n  table I V .  A s  a r e s u l t  of  t h e  r e l a t i v e  f r equenc ie s  o f  t h e  second c y c l i c  beam- 
w i s e  mode, t h e  f i f t h  harmonics o f  t h e  beamwise and chordwise moments a t  24 per- 
cen t  r a d i u s  are h igher  f o r  t h e  l i g h t  t i p  mass than f o r  t h e  heavy t i p  mass; t h e  
d i f f e r e n c e  is 35 and 83  percent  f o r  t h e  beamwise and chordwise moments, respec- 
t i v e l y  ( f ig s .  2O(c) and 2 1 ( c ) ) .  S i m i l a r l y ,  the  f r equenc ie s  o f  t h e  first c y c l i c  
beamwise mode r e s u l t  i n  a 17-percent i n c r e a s e  i n  t he  t h i r d  harmonic of t h e  
chordwise moment a t  24 percent  r a d i u s  f o r  t h e  heavy t i p  mass ( f i g .  2 1 ( b ) ) .  The 
combined effect  is  t h a t  t h e  heavy t i p  mass decreased t h e  o s c i l l a t o r y  beamwise 
and chordwise moments a t  24 percent  r a d i u s  by 1 4  and 2 p e r c e n t ,  r e s p e c t i v e l y .  
C l e a r l y ,  t h e  c r i t e r i a  used f o r  s e l e c t i n g  t i p  mass and l o c a t i o n  of  t h e  outboard 
hinge must  i nc lude  cons ide ra t ion  of t he  effects  of these parameters  on r o t o r  
n a t u r a l  f r equenc ie s .  
The t i p  mass a l s o  s i g n i f i c a n t l y  a f f e c t s  t h e  f l a p p i n g  motion of  t h e  s e c t i o n  
o f  t h e  b l a d e  outboard o f  t h e  hinge.  The v a r i a t i o n  of  t he  mean droop ang le  
(outboard blade s e c t i o n  down r e l a t i v e  t o  t h e  inboard s e c t i o n )  w i t h  l i f t  c o e f f i -  
c i e n t  is shown i n  f i g u r e  23. The droop ang le  decreases l i n e a r l y  w i t h  l i f t  as  
t h e  outboard b lade  cones up. Because of  increased  c e n t r i f u g a l  s t i f f e n i n g ,  t he  
heavy t i p  mass reduces t h e  change i n  droop ang le  from about  2O t o  less than 
0.5O over  a range of  C L / ~  between 0.015 and 0.104. The dynamic f l app ing  
response o f  t h e  outboard blade is a l s o  g r e a t l y  reduced by t h e  a d d i t i o n  of t i p  
mass ( f i g .  2 4 ) .  The r educ t ions  i n  o s c i l l a t o r y  and f irst ,  second, and t h i r d  
harmonic ampli tudes are approximately 40, 35,  55,  and 50 pe rcen t ,  r e s p e c t i v e l y .  
The second harmonic, which is t h e  largest  component for t h e  l i g h t  t i p  mass, is  
reduced the  greatest amount u n t i l  it becomes less  than the  first harmonic o f  
the  response.  
The v a r i a t i o n  of  mean droop ang le  w i t h  advance r a t i o  ( f i g .  2 5 ( a ) )  may be 
greater f o r  t h e  r o t o r  w i t h  t he  heavy t i p  mass, but  it is st i l l  less  than  0.5O 
over  t h e  test range of  advance r a t i o .  The most s i g n i f i c a n t  effect  of us ing  the  
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heavy t i p  mass is an i n c r e a s e  i n  droop by 0 . 5 O  a t  a l l  advance r a t i o s .  The 
t r e n d s  o f  dynamic f l a p p i n g  response w i t h  advance r a t i o  ( f i g .  25 (b ) )  p o i n t  ou t  
t h a t  t h e  heavy t i p  mass is most e f f e c t i v e  i n  reducing the second harmonic com- 
ponent which becomes less than  the  first harmonic a t  t he  h igher  va lues  of  
advance r a t i o .  
responses  are both reduced by about  one-half .  T h i s  is important  because the  
o s c i l l a t o r y  ampli tude is almost  7 O  f o r  t h e  r o t o r  w i t h  l i g h t  t i p  mass. 
A t  an advance r a t i o  o f  0 .4 ,  t h e  second harmonic and o s c i l l a t o r y  
The outboard b lade  f l a p p i n g  v a r i a t i o n s  around the  azimuth are i l l u s t r a t e d  
f o r  both t i p  masses a t  a h igh  l ift ( f i g .  2 6 ( a ) )  and a moderate va lue  of  advance 
r a t i o  ( f i g .  2 6 ( b ) ) .  I n  f i g u r e  2 6 ( a ) ,  t he  major d i f f e r e n c e s  i n  t h e  waveforms 
a s s o c i a t e d  w i t h  each t i p  mass are the  s h i f t  i n  t h e  mean droop ang le  and the  
change i n  t h e  ampli tude of  the  peak occurr ing  a t  approximately 300° azimuth. 
As i l l u s t r a t e d  i n  f i g u r e  23, t he  s h i f t  i n  t h e  mean va lue  is  due t o  t h e  r e l a t i v e  
s t i f f e n i n g  effects  of  t he  t i p  masses a t  the h igher  CL/O va lues .  Because t h e  
outboard hinge is l o c a t e d  o u t s i d e  t h e  reg ion  o f  reversed  flow f o r  t h e  condi- 
t i o n s  of  f i g u r e  2 6 ( a ) ,  s t a l l  effects  may be the  c o n t r i b u t i n g  f a c t o r  t o  the  
occurrence of  t he  large peak on t h e  r e t r e a t i n g  s i d e  o f  t h e  t i p -pa th  p lane .  
Th i s  peak c o n t r i b u t e s  mostly t o  t h e  2/rev component of response which i s  t h e  
largest harmonic on t h e  r o t o r  w i t h  t h e  l i g h t  t i p  mass. A t  a higher  advance 
r a t i o  ( f i g .  2 6 ( b ) ) ,  a large peak has  formed on the  advancing s ide  caus ing  t h e  
f l app ing  excursion t o  come c l o s e  t o  the  60 down s t o p .  
approaching the  lower s t o p  was another  f a c t o r  which r e s t r i c t e d  t h e  t es t  enve- 
lope  of  t h e  hinged r o t o r  w i t h  t he  l i g h t  t i p  mass. The outboard b lade  d i d  no t  
f l a p  near  t o  the  upper s top .  A s  shown i n  f i g u r e  27, l o n g i t u d i n a l  f l app ing  a t  
t h e  r o t o r  c e n t e r  l i n e  does not  s i g n i f i c a n t l y  affect  t h e  f l app ing  response of  
t h e  outboard blade.  
The cond i t ion  of  
CONCLUDING REMARKS 
Wind-tunnel tests o f  a e r o e l a s t i c a l l y  designed h e l i c o p t e r  r o t o r  models were 
conducted t o  o b t a i n  r o t o r  aerodynamic performance and dynamic response p e r t a i n -  
i n g  t o  two-bladed t e e t e r i n g  r o t o r s  w i t h  a wider  chord (1.47 m (58 i n . ) )  and 
lower hover t i p  speed (195 m / s  (640 f t / s ec ) )  than c u r r e n t l y  employed on produc- 
t i o n  h e l i c o p t e r s .  The effects  on performance and response of i nco rpora t ing  an  
outboard f l app ing  h inge  a t  62 percent  r a d i u s  were a l s o  s t u d i e d .  F i n a l l y ,  t h e  
effects o f  changing t i p  mass on t h e  measured character is t ics  of  t h e  r o t o r  w i th  
an outboard hinge were examined. The models were tes ted a t  s e v e r a l  shaf t  
ang le s  o f  at tack f o r  f i v e  advance r a t i o s ,  0 .15,  0.25, 0.35, 0.40, and 0.45. 
For each combination o f  shaf t  ang le  and advance r a t i o ,  t h e  r o t o r  l i f t  was 
va r i ed  over a wide range t o  inc lude  s imulated maneuver cond i t ions .  
Data were acqui red  f o r  t h e  wide-chord model wi thout  t h e  outboard hinge 
( b a s e l i n e  r o t o r ) .  The measured aerodynamic performance curves  exh ib i t ed  smooth 
t r e n d s  w i t h  v a r i a t i o n s  i n  shaf t  ang le  and advance r a t i o .  The p i t ch - l ink  f o r c e s  
were h igh  due i n  p a r t  t o  s i g n i f i c a n t  c o n t r i b u t i o n s  from i n e r t i a l  l oads  r e s u l t -  
i n g  from f e a t h e r i n g  o f  t h e  hub and inboard blade s t r u c t u r e ,  as w e l l  as from 
s t r u c t u r a l  coupl ing wi th  beamwise shea r s .  These t r e n d s  were a l s o  observed f o r  
t h e  hinged r o t o r .  The r e s u l t s  i n d i c a t e  t h a t  the  u s e  o f  outboard f l app ing  
h inges  could reduce the  beamwise moments over  more than ha l f  of the  b lade  
r a d i u s  without  s i g n i f i c a n t l y  a f f e c t i n g  t h e  chordwise moments f o r  comparably 
12 
tuned r o t o r s .  Movement o f  t he  h inge  l o c a t i o n  toward 50 percent  r a d i u s  would 
improve the  blade n a t u r a l  f r equenc ie s  f o r  t h i s  conf igu ra t ion  and lower t h e  
beamwise moments a t  the  blade r o o t  and i n  t he  hub area. The outboard blade 
f l app ing  excurs ions  were large a t  the  higher advance r a t i o s  bu t  were reduced by 
about  one-half through a d d i t i o n  o f  t i p  mass. O f  t h e  two outboard f l app ing  
s t o p s ,  60 down and IOo up, only t h e  lower s t o p  was c l o s e l y  approached dur ing  
t h e  tests. The c r i t e r i a  f o r  s e l e c t i n g  outboard hinge l o c a t i o n  and t i p  mass 
must i nc lude  cons ide ra t ion  of t h e  effects  of  t h e s e  parameters  on blade n a t u r a l  
f r equenc ie s .  Otherwise, the  b e n e f i t s  may be more than o f f s e t  by the  large 
dynamic response a r i s i n g  from a resonance cond i t ion .  
Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
September 23,  1977 
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TABLE I.- MODEL SCALE FACTORS 
Parameter 
Mach number 
S t r u c t u r a l  f requency r a t i o  





S t r u c t u r a l  s t i f f n e s s ,  N-m2 
Angular v e l o c i t y ,  rad/s 
Linear  v e l o c i t y ,  m / s  
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TABLE 11.- STRUCTURAL PROPERTIES OF BASELINE AND HINGED ROTOR MODELS 
Inboard 
s t a t i o n  
D f  segment 
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2f g r a v i t y  






















a P o s i t i v e  f o r  o f f s e t  a f t  o f  p i t c h  a x i s  ( 0 . 2 5 ~ ) .  
bPos i t i ve  f o r  o f f s e t  forward o f  p i t c h  a x i s  ( 0 . 2 5 ~ ) .  
CFor hinged r o t o r  t h e  beamwise s t i f f n e s s  of  t h i s  segment is  ze ro .  
dFor hinged r o t o r  wi th  heavy t i p  mass t h e  mass of t h i s  segment 
eFor h i n g e d . r o t o r  wi th  heavy t i p  mass t h e  r a d i u s  o f  g y r a t i o n  o f  
is 9.41 kg/m. 
t h i s  segment is 0.0376 m .  
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P r i n c i p a l  mode i d e n t i t y  
C o l l e c t i v e  beamwise 
Cycl ic  chordwise 
C o l l e c t i v e  beamwise 
Cycl ic  beamwiseb 
Cycl ic  beamw ise 
C o l l e c t i v e  beamwise 
Blade t o r s i o n a l  
chordwise d e f l e c t i o n s .  
TABLE 1 V . -  COUPLED NATURAL FREQUENCY 
w/Qa for 








r o t o r  w i t h  - 








2 3 7  
a!i2 = 54 .O r ad / s ;  
RATIOS FOR HINGED ROTOR 
P r i n c i p a l  mode i d e n t i t y  
C o l l e c t i v e  beamwise 
Cycl ic  chordwise 
C o l l e c t i v e  beamwise 
Cycl ic  beamwiseb 
Cycl ic  beamwise 
C o l l e c t i v e  beamwise 
Blade t o r s i o n a l  
bThis mode a lso c o n t a i n s  s i g n i f i c a n t  chordwise d e f l e c t i o n s .  
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TABLE V.-  V A R I A T I O N  OF COUPLED NATURAL FREQUENCY RATIOS 








U/na f o r  h inge  l o c a t i o n  of  - 








P r i n c i p a l  mode i d e n t i t y  
C o l l e c t i v e  beamwise 
Cycl ic  chordwise 
C o l l e c t i v e  beamwise 
Cycl ic  beamwise 
Cycl ic  beamwise 
Co l l ec t ive  beamwise 
Blade t o r s i o n a l  
an = 54.0 r a d / s ;  0 0 . 7 5 ~  = 1 1 O ;  heavy t i p  mass 
Figure 1 . -  Schematic diagram of genera l ized  r o t o r  a e r o e l a s t i c  model. 
All dimensions are given i n  meters. 
Figure 2.- Detailed view of generalized ro to r  a e r o e l a s t i c  model. 
L- 
F igure  3 . -  Basel ine  r o t o r  mounted on gene ra l i zed  r o t o r  aer 
- 75-88 45 
> o e l a s t i c  model. 
L-75-1 836 
Figure  4.- Hinged r o t o r  mounted on gene ra l i zed  r o t o r  a e r o e l a s t i c  model. 
20 
Inboard po r t ion  yFg 
I , o f  blade 
L-76-4904.1 
Figure 5.- Details of outboard flapping hinge. 
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( b )  Cycl ic  beamwise modes. 
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(c )  Cycl ic  chordwise mode. 
F igu re  6.- Calcu la ted  p r i n c i p a l  d e f l e c t i o n  shapes  of b a s e l i n e  rotor modes. 
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( b )  Cycl ic  beamwise modes. 
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( c>  Cycl ic  chordwise mode. 
F igure  7.- Calculated p r i n c i p a l  d e f l e c t i o n  shapes of modes of hinged r o t o r  
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( a )  C o l l e c t i v e  beamwise modes. 
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Radius, percent 
( c )  Cycl ic  chordwise mode. 
F igure  8.- Calcu la ted  p r i n c i p a l  moment d i s t r i b u t i o n s  of b a s e l i n e  r o t o r  modes. 
' = 54.0 r a d / s ;  8 0 . 7 5 ~  = 11'. 
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( a>  C o l l e c t i v e  beamwise modes. 
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( b )  Cycl ic  beamwise modes. 
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( c >  Cycl ic  chordwise mode. 
I 
Figure  9.- Calcu la ted  p r i n c i p a l  moment d i s t r i b u t i o n s  of modes of hinged rotor 
w i t h  l i g h t  t i p  mass. = 54.0 rad/s; 8 0 . 7 5 ~  = 1 I o .  
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10.- Maximum and minimum va lues  of CL/U achieved during tests 
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11.-  Var i a t ion  o f  r o t o r  to rque  w i t h  l i f t  f o r  b a s e l i n e  r o t o r  a t  
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(b) 1-I = 0.15. 
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( c >  p 0.25. 
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( d )  1-I = 0.35. 
F igu re  11.-  Continued. 
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(f) p = 0.45. 
F i g u r e  11.- Concluded. 
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F igu re  12.- Var i a t ion  o f  r o t o r  l i f t  wi th  d rag  for b a s e l i n e  r o t o r  
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(b) p = 0.25. 
Figure  12. - Continued . 
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( c >  p = 0.35. 













(d) p = 0.40. 
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Radius, percent 
( a >  B e a m w i s e  bending. 
13.- Spanwise moment d i s t r i b u t i o n s  measured on b a s e l i n e  r o t o r  for low 
va lue  of r o t o r  l i f t .  p = 0.35; C L / ~  = 0.049; CD/U = -0.001; as z -60. 
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( b )  Chordwise bending. 
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( c >  Tors iona l  moment. 
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(a> Beamwise bending. 
Figure 14.- Spanwise moment d i s t r i b u t i o n s  measured on b a s e l i n e  r o t o r  f o r  h igh  
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( b )  Chordwise bending. 
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(a)  Beamwise bending a t  x = 0.24. 
F igu re  15.- Var i a t ion  of b a s e l i n e  rotor dynamic response wi th  l i f t .  
1.1 = 0 .25 ;  cis = - 2 O .  
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( b )  Chordwise bending a t  x = 0.24. 
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( c >  Tors iona l  moment a t  x = 0.24. 
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( d )  P i t ch - l ink  f o r c e .  
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(a )  Beamwise bending a t  x = 0.24. 
16.- Var i a t ion  of b a s e l i n e  r o t o r  dynamic response  wi th  advance r a t i o .  
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(b )  Chordwise bending a t  x = 0.24. 
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( a >  Beamwise bending a t  x = 0.24. 
17.- Var ia t ion  of  b a s e l i n e  rotoP dynamic response  wi th  r o t o r  longi -  















( b )  Chordwise bend ing  a t  x = 0.24. 
F i g u r e  17.- Concluded.  
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(a) p = 0; = 00. 
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(b) = 0 . 2 5 ;  -4'- 










0 B a s e l i n e  r o t o r  
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Figure  19.- Var ia t ion  of  r o t o r  l i f t  wi th  drag  for b a s e l i n e  and hinged r o t o r s .  
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Hinged ro to r  (0.104-kg t i p  mass) 
d Hinged rotor  (0.626-kg t i p  mass) 
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Radius, pe rcen t  
( a >  F i r s t  harmonic moment d i s t r i b u t i o n .  
F igure  20.- Beamwise bending moments measured on b a s e l i n e  and hinged r o t o r s .  






0 Baseline r o t o r  
Hinged r o t o r  (0.104-kg t i p  mass) 4 Hinged r o t o r  (0.626-kg t i p  mass) 
0 25 50 75 100 
Radius, percent 
(b) T h i r d  harmonic moment d i s t r i b u t i o n .  
F igu re  20.- Continued. 
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( c >  F i f t h  harmonic moment d i s t r i b u t i o n .  
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( d )  O s c i l l a t o r y  moment d i s t r i b u t i o n .  
F igu re  20.- Concluded. 
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250 0 Basel ine r o t o r  
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- Radius, pe rcen t  
( a )  F i r s t  harmonic moment d i s t r i b u t i o n .  
F igure  21.- Chordwise bending moments measured on b a s e l i n e  and hinged r o t o r s .  
1-1 = 0.25; CL/U = 0.071; CD/U = -0.001. 
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(b) Third harmonic moment distribution. 
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( c )  F i f t h  harmonic moment d i s t r i b u t i o n .  
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( d )  O s c i l l a t o r y  moment d i s t r i b u t i o n .  
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( a )  Beamwise bending a t  x = 0.24. 
Figure  22.- Var i a t ion  of dynamic response wi th  advance r a t i o  for b a s e l i n e  
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(b) Beamwise  bending a t  x = 0.54. 
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( c >  Chordwise bending a t  x = 0.24. 
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( d )  P i t c h - l i n k ' f o r c e .  
F igu re  22 .- Concluded. 
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F i g u r e  23.- V a r i a t i o n  of outboard  b l a d e  mean droop a n g l e  w i t h  l i f t .  
1-1 = 0.15; as = -2'. 
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Figure  24.- Var i a t ion  o f  outboard b l ade  f l a p p i n g  response w i t h  l i f t .  
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( b )  Dynamic response.  
F igure  25.- Var i a t ion  ‘of outboard b lade  f l app ing  response wi th  advance r a t i o .  
CL/O = 0.060.-  
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( a )  CL/O = 0.102; p = 0.15; as = -2O. 
F igu re  26.- Azimuthal v a r i a t i o n  o f  outboard b l ade  f l a p p i n g  ang le  f o r  
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Figure  26.- Concluded. 
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Figure  27.- Var ia t ion  wi th  r o t o r  l o n g i t u d i n a l  f l a p p i n g  of outboard blade f l a p -  
ping response of hinged (0.626-kg t i p  mass) r o t o r .  p = 0.25; CL/O = 0.051. 
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